There remain no clear guidelines for the optimal management of patients with metastatic breast cancer. To better understand its natural history, we undertook a detailed examination of 197 autopsies performed on women who died of breast cancer. We reviewed clinical, treatment and pathological aspects of all cases and, additionally, pathological features and biomarker expression (ER, PgR, HER2, EGFR, p53, Ki67, c-Kit, CK AE1/AE3) were assessed in detail for the primary tumour and matched metastases for 55 of the cases. Genomes of the primary tumour and multiple metastases were analysed by array-based comparative genomic hybridization for six cases ## . 945 metastatic deposits were identified, with a median of four/patient. The most common organs involved were lung/pleura (80%), bone (74%), liver (71%) and non-axillary lymph nodes (55%). Major findings included: (a) patients with CNS metastases were more likely to have bone metastases (p < 0.013); (b) younger age was associated with metastasis to the liver (≤ 49 years; p < 0.001) and to gynaecological organs (≤ 49 years; p = 0.001); (c) surgical excision of the primary tumour was associated with metastasis to the liver (p = 0.002); and (d) ER and PgR showed down-regulation during progression in a non-random manner, particularly in lung/pleura (ER; p < 0.001), liver and bone metastases. Genomic analysis revealed DNA copy number variation between the primary tumour and metastases (e.g. amplification of 2q11.2-q12.1 and 10q22.2-q22.3) but little variation between metastases from the same patient. In summary, the association of CNS and bone metastases, liver and gynaecological metastases in young women and the risk of liver metastases following surgery have important implications for the management of patients with breast cancer. Clonal heterogeneity of the primary tumour is important in developing metastatic propensity and the change in tumour phenotype during progression/colonization highlights the importance of sampling metastatic disease for optimal treatment strategies.
Introduction
Breast cancer is one of the most common cancers to affect women and is a leading cause of cancerrelated deaths worldwide. Approximately 90% of these deaths are due to metastatic dissemination of the disease. While implementation of breast cancer screening programmes and improved treatment of the primary tumour have contributed significantly to reducing overall mortality rates, clinical management of patients with metastatic progression is much less comprehensively structured.
To provide optimal treatment for patients with metastatic breast cancer we need to be able to predict both the presence and the distribution of metastases, together with their likely behaviour at metastatic sites. The considerable intertumoural heterogeneity, as exemplified by the 25 histological subtypes of breast cancer recently defined by the World Health Organization (WHO) [1] , and the increasingly recognized intratumoural heterogeneity as genetic and phenotypic evolution occurs during disease progression [2] [3] [4] [5] [6] [7] [8] [9] highlights the substantial challenges faced by physicians when deciding on treatment for individual patients. These complexities are only compounded when issues of metastatic disease are considered. Metastatic tumour deposits are not exact replicas of the primary tumour from which they arose in either a morphological or a molecular sense and, indeed, metastatic tumours at different sites within an individual may display widely disparate features [7, 8] . Basing treatment decisions solely on the morphological features of the primary tumour potentially ignores many key biological attributes of the metastases that may significantly affect disease outcome [10, 11] .
Here we present clinical, pathological and biological data derived from autopsies performed on a series of 197 women who died with metastatic breast cancer over a 50 year period at one institution. This gives novel insights into the metastatic progression of breast cancer and provides a rationally scientific basis for key treatment decisions.
Materials and methods

Patients
The cohort consisted of 197 female patients who died with metastatic breast cancer and on whom a complete autopsy was performed at the Royal Brisbane and Women's Hospital, Australia, between 1957 and 2007. Cases were included if paraffin-embedded tissue blocks were available. Clinical data, obtained from autopsy records and pathology reports, included the date of the autopsy, the age at diagnosis and at death, the time from diagnosis to death, the time from death to autopsy and treatment details. 
Pathological and immunohistochemical analysis
All autopsy and surgical blocks (for those patients who had prior breast surgery) were recut and stained with haematoxylin and eosin (H&E) and reviewed by two pathologists (MCC and SRL) to confirm the distribution of metastatic disease as described in the autopsy reports and to perform histological typing and grading of each primary tumour. Also, the preservation of each tumour was assessed. Whole sections of the primary cancers and the corresponding metastases from 55 cases were stained with antibodies to the following proteins: oestrogen receptor (ER), progesterone receptor (PgR), HER2, Ki67, c-kit, cytokeratin AE1/AE3, EGFR and p53. Fluorescence in situ hybridization (FISH) for HER2 was undertaken on cases where there was an equivocal score (2+) with immunohistochemistry using the HercepTest scoring system (see supplementary material).
Statistical analysis
Clinical and pathological data were summarized by frequencies and percentages for categorical outcomes, and by means and standard deviations (SDs) for continuous outcomes. Comparisons between groups for categorical outcomes were analysed using Pearson's χ 2 test, while one-way ANOVA was used for continuous outcomes. Concordance of antibody positivity between primary and secondary tumours was analysed using McNemar's test. All statistical analyses were performed using SPSS v. 19 and a significance level of 5% was considered statistically significant (see supplementary material).
Array-based comparative genomic hybridization (aCGH)
Thirty-one tumours from six patients, including the primary breast tumour and several metastases from each patient, were analysed for DNA copy number alterations using SurePrint G3 Human CGH Microarrays (Agilent Technologies; for experimental details, see supplementary material). Validation of amplifications was performed by FISH and meta-analysis of publicly available data [12] [13] [14] [15] was performed to investigate the role of alterations in driving tumour behaviour (see supplementary material).
Results
Clinical details
Full clinical details relating to the 197 patients are presented in the supplementary material, including Tables S2-S6 . Briefly, 72% of the autopsies were performed in the 1960s and 1970s; the median age of the patients at clinical diagnosis and at death was 52 and 56 years, respectively; the median and interquartile range (IQR) time from diagnosis to death was 24 (range 8-51.5) months; and the median (IQR) time from death to autopsy was 20 (range 9-24) h.
Distribution of metastases
A total of 945 metastatic deposits were identified, involving 15 sites (see supplementary material, Table  S7 ). The most common sites involved were lung or pleura (80.7%), bone (74.1%), liver (71.6%) and nonaxillary lymph nodes (54.8%). Fifty-eight (29.4%) patients had three or less metastatic sites involved, 76 (38.6%) had four or five sites, while 63 (32.0%) had six to 13 sites involved, with the median number (IQR) per patient being four (range three to six) (see supplementary material, Figure S1 ).
We investigated whether the site of involvement correlated with the extent of disease. Patients with lung Table 1) .
The association between sites of involvement was also explored (see supplementary material, Table  S8 ). Metastases in the CNS were present in 26.7% of women with bone metastases compared with 9.8% of women with no bone metastases (p = 0.013) (see supplementary material, Table S9 ). Metastases in the lung or pleura (p = 0.002), bone (p = 0.04), liver (p = 0.037), CNS (p = 0.001) and gynaecological organs (p = 0.009) were present more often in women who had adrenal metastases compared with those without adrenal metastases (see supplementary material, Table S10 ).
Effect of age and treatment on the distribution of metastases
Patterns of metastatic dissemination were analysed to determine if there were any statistically significant associations between specific clinical parameters. Patients diagnosed at a younger age (≤ 49 years) were significantly more likely to have metastases involving the liver (p < 0.001), adrenal glands (p = 0.019) and gynaecological organs (p = 0.001) and were more likely to have a larger number of metastatic sites involved (p = 0.002) compared with patients diagnosed at a later age (≥ 50 years) ( Table 2) . We investigated whether the distribution of metastases was affected by the particular treatment of the breast carcinoma and found that patients who had the primary tumour removed surgically were significantly more likely to develop liver metastases compared with those who did not have surgery (p = 0.002) ( Table 3) . No differences were seen for women treated or not treated with either radiotherapy or chemotherapy and there were no significant differences for involvement of other metastatic sites or for the number of metastatic sites involved.
Features of the primary tumour correlating with survival and metastatic patterns
A subset of 55 patients had the primary tumour available for analysis, including 24 in whom the primary tumour was present at autopsy and 31 who had previous breast surgery. Overall, there were 261 metastases available from these patients. No association was found between the histological type, grade or receptor status of the primary tumour and spread to individual sites, or with the number of sites involved, although this approached significance for HER2, with no patients with HER2-positive primary tumours showing involvement of gynaecological organs (p = 0.052) (see supplementary material). Patients with hormone receptor-negative primary disease had a shorter survival time compared with those with hormone receptor-positive disease: 25% of 28 patients who died within 2 years of a clinical diagnosis of breast cancer had ER-positive tumours, compared with 75% of 24 patients who died 2 or more years after their tumours were diagnosed (p < 0.001) (see supplementary material, Table S12 ). Similarly, 39.3% of those dying within 2 years of diagnosis were PgRpositive, compared with 75% who died 2 or more years later (p = 0.01). The primary tumours were classified into four Perou-type molecular subcategories: luminal A, luminal B, HER2 and triple-negative, using the hormone receptor HER2 and Ki67 status [16] . There was no statistical association between the molecular subcategory of the primary tumour and metastatic sites involved, with the number of sites involved or with the age of the patient, either at diagnosis or at autopsy.
Concordance of biomarker expression at different metastatic sites
We investigated whether biomarker expression was consistent between the primary tumour and the corresponding metastases within individuals and, if not, whether spread to specific sites was associated with any change in expression (see supplementary material). Expression of HER2, CK AE1/AE3, EGFR and c-kit was concordant between the primary tumour and all metastases within an individual in more than 89% of cases, while concordant expression of all metastases for ER, PgR, Ki67 and p53 ranged between 56.4% for ER and 72.7% for p53 (see supplementary material, Table  S14 ). For HER2, Ki67, p53, CK AE1/AE3, EGFR and c-kit there was no consistent alteration in biomarker expression according to the site of metastasis, while for ER there was significant loss of expression in metastases in any or all of the lung or pleura, bone, liver and non-axillary lymph nodes. For PgR there was significant loss of expression in the bone and liver (Table 4) .
Genomic nature of metastatic progression
Most copy number alterations (CNAs; deletions, gains and amplifications) were shared between the primary tumour and its metastases, reflecting the close clonal relationship of all tumour foci within a case (Figure 1 ; see also supplementary material, Figures S3-S7 ). The majority of CNAs therefore occurred as early events in the major clonal expansion of the primary tumour. However, evidence of clonal diversity was observed between the primary tumour and its corresponding metastases in four cases. For example, in case 7, focal amplification of 2q11.2-q12.1 was detected in the primary tumour but not in the metastases, and amplification of 10q22.2-q22.3 was identified in the metastases but not in the primary tumour. FISH analysis demonstrated that this clonal heterogeneity occurred within the primary tumour (Figure 1 ; see also supplementary material, Figure S2 ) and that the clone harbouring the 10q22 amplification had spread. Similarly, in other cases, additional CNAs were detected in all the metastases compared with the corresponding primary tumour (see supplementary material, Figures S5-S7 ), suggesting (as for case 7) that the clonal diversity most likely occurred prior to dissemination. Of these six cases, only one patient received adjuvant chemotherapy, suggesting that the genomic heterogeneity observed was not treatment-induced.
Discussion
Analysis of clinical, pathological and biological data from this large and unique autopsy series provides new insight into metastatic progression that may alter the management of women with breast cancer. Key findings include statistically significant associations between: (a) CNS and bone involvement; (b) young patient age and metastatic spread to liver, gynaecological organs and adrenal glands, together with more widespread sites of involvement; (c) surgical excision of the primary breast tumour and the subsequent development of liver metastases; and (d) changing tumour phenotype particularly affecting ER and PgR expression in metastases in the lung or pleura, liver, nonaxillary nodes and bone.
The link between metastases in bone and in the CNS is an important finding. Previous studies have associated lung as the first site of metastasis, with later CNS disease [17] . While Altundag et al [18] described lung as the first site of disease in 20% of 420 patients with brain metastases, a further 18% of patients had bone as the initial site, with liver disease at 6%. Our study compared sites of involvement overall, not just the first metastatic sites, which may partly explain this significant bone and CNS association. That ER-positive breast cancers metastasize to bone and ER-negative breast cancers metastasize to lung and liver was first described in 1976 by Singhakowinta et al [19] . That study primarily looked at initial sites of metastatic disease: 47% of the primary tumours in our study were ER-positive but, at the time of death, 74.1% of the patients had bone metastases; conversely, 53% of the primary tumours were ER-negative, while at death 80.7% of the patients had lung or pleural disease and 71.6% had liver disease. The apparent lack of association between ER status and metastatic sites most probably reflects late-stage disease.
Women who had surgical removal of their primary breast tumour were significantly more likely to develop liver metastases compared with those who did not have surgery. Such critical information could only be derived from an archival study such as this, as it would obviously not be possible to conduct a prospective study in which a cohort of women were denied surgery. That surgical excision of the primary tumour may enhance the growth of micrometastases is supported by the work of Demicheli et al [20] , who compared the time to death for 1173 patients who underwent mastectomy with 250 untreated breast cancer patients. The treated group showed two peaks in mortality hazard function curves, compared with a single later peak in the untreated group, surgical removal of the primary tumour being held to alter the growth kinetics of metastatic foci. Excision of the primary tumour and the specific development of visceral metastases were documented by Barista et al [21] in 1996, who described a group of 370 women with metastatic breast cancer; for the 53.8% treated with radical or modified radical mastectomy, the first metastases were predominantly in visceral sites.
There is experimental support for the role of surgery in activating dormant metastases. Mice in which Lewis lung carcinoma cells were implanted developed pulmonary micrometastases which remained dormant while the primary tumour was intact, but which grew rapidly after resection of the primary tumour [22] , possibly via activating angiogenesis [23, 24] .
An increased frequency of liver metastases occurring in those aged < 50 years was also shown by Viadana et al [25] in an autopsy study of 374 patients who died of metastatic breast cancer; liver metastases were more frequent in those whose primary breast cancers were diagnosed at age < 50 years (80% versus 56%, p < 0.01) but only in those who survived < 5 years. The possible dual effects of surgery and younger age on increasing distant metastases was described by Retsky et al [26] , where in the first 10 months after surgery, for women with node-positive disease there was a surge of distant metastases for premenopausal but not for postmenopausal women.
In addition to demonstrating liver involvement occurring in younger patients, we showed that younger women were significantly more likely to have disease in gynaecological organs and adrenal glands, as well as having a greater number of metastatic sites involved. de la Monte et al [27] , in an autopsy study of 187 patients with metastatic breast cancer, showed less frequent involvement of both the adrenal glands and the ovaries with increasing age. In the current study, metastases to the adrenal glands may reflect widespread disease but there was no association between the presence of gynaecological metastases and involvement of a large number of metastatic sites. The oestrogen-rich . FISH analysis indicated that this clonal diversity occurred in the primary tumour: the 2q amplification (green) was restricted to the primary tumour (E, F), but the 10q22 amplification (red) was found in a different subclone (in a different tissue block) of the primary tumour (G, H) and was identified in all metastases (I, J) (see also supplementary material, Figure S2 ).
environment of the premenopausal ovary may partly explain the influence of younger age on the initial establishment of breast cancer metastases at this site. We found that the majority of metastases retained the molecular features (immunophenotype and genomic profile) of the primary tumour. However, evidence of intratumoural heterogeneity was detected between the primary tumour and its metastases in some cases. With respect to genomic CNAs, this clonal diversity most likely occurred within the primary tumour (e.g. amplification of 10q22) rather than during dissemination, and in these cases was independent of treatment. Furthermore, a meta-analysis of genes affected by these CNAs indicated that adverse expression of some (e.g. VDAC2 , TGFß1 , ITGBL1 ) is significantly associated with metastasis-free survival. We hypothesize, therefore, that the acquisition of these CNAs may confer a more aggressive nature to the primary tumour, potentially through enhancing the metastatic capability to the tumour cells (see supplementary material, Figures S8-S10 ). During progression and colonization of distant organs, however, the tumour genome remained relatively stable, with little variation observed between metastases within a case. Analysis of a larger cohort would give a clearer indication of how CNA heterogeneity during progression varies with respect to the molecular subtype of the primary tumour, the site of metastasis or treatment. In the current series expression of ER and PgR showed a more dynamic modulation [4, 8, 28] with significant down-regulation in metastases in lung or pleura, bone, liver and nonaxillary nodes. This was also heterogeneous, such that expression could vary from one metastasis to another within an individual. Further studies are required to determine whether different subclones within a heterogeneous primary tumour preferentially spread to different sites [3, 5, 9] , giving rise to this phenotypic variability, or whether biomarker expression changes occur as a consequence of adjuvant treatment or in response to local factors at particular metastatic sites. Additionally, the effects of specific targeted therapeutic agents, such as Herceptin, on potentially altering the distribution of metastases will need to be explored.
By studying the clinical and pathological features of 197 women who died of metastatic breast cancer and on whom an autopsy was performed, we provide new information about disease progression in breast cancer, for which there are significant treatment implications. Patients with bone metastases are at an increased risk of developing CNS metastases and should be monitored for their occurrence. Women aged < 50 years have an increased likelihood of developing metastases in the liver or in gynaecological organs and clinicians need to be aware of this when screening for metastatic disease. Surgical excision of the primary tumour was associated with an increased risk of liver metastases. The mechanisms by which this occurs need to be thoroughly delineated, so that appropriate and timely therapeutic intervention can be instituted. Biomarker discordance between primary and secondary sites occurs, especially for ER and PgR, with down-regulation in lung or pleura, bone and liver, and metastases at these sites should be biopsied if possible to determine the most appropriate treatment.
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